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1. Abstract g\_\

Picosecond photoconductivity is used to generate and sense transient
millimeter wave radiation from monolithic broadband tapered slotline
antennas integrated on ion demaged silicon on sapphire substrates. The
far field is observed to consist of a traveling wave component and a
standing wave component. The time dependent electromagnetic impulse
response of these optoelectronic transceivers is also modeled.

2. Introdug&ion

Recent studies have demonstrated that picosecond photoconductivity can
be used to generate electromagnetic transients of picosecond duration
{1]. The use of photoconductivity to generate millimeter wave radiation
is a relatively new concept in picosecond electronics. It has many
practical and spectroscopic applications, including developing a new
class of devices capable of generating, controlling, and detecting
millimeter waves, Investigations of such transients from discontinu-
ities tn microstrip lines (2] deposited on semiconductor substrates
indicate the potential for producing intense coherent pulses with
durations less than one picosecond, however, the structures used in
these previous experiments were not optimized for efficient radiation of
the resulting transient. To provide some control of the spatial and
temporal distributions of the photoconductively generated radiation,
more sophisticated antenna elements must be employed.

We present the results of a study of the picosecond (mpulse response
of photoconductively driven integrated microelectronic transmitter and
receiver antennas fabricated on a common semiconductor substrate. In
addition further experiments were conducted in which an intervening air
gap separated the transmitting and receiving antennas. The advantages
of thlis method can be summarized as follows: Unlike the transmission
line gaps of the past [1,3], our antennas are designed for radiation of
plcosecond transients. We have incorporated a pump/probe sampling
technique in the design of the experiment, hence our measurements will
be more accurate and we expect to observe high frequency components,
The photoconducting gap driving the antenna {s an [ntegral part of the
antenna structure and there {3 no aperture between transmitter and
recelver, Thus, these structures are completely planar and can be
easily fabricated on semiconductor substrates using conventional

photolithographic techniques. Also. the antennas are small in size and
are consequently compatible with other integrated m{llimeter wave
circuits.
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3. Experimental Design

The principle of our experiments is i{llustrated in Fig. 1. Identical
transmitting and receiving antennas are fabricated on s{licon on
sapphire (S0OS) substrates. The dimensions of the antenna were obtained
by scaling down the design of the Vivaldi aerial first proposed by
Gibson (4]. The length 1, height h, and aperture sizes a, ahd a_ were
as follows: 1= 2.96mm, h=3.8mm, a, =25um, a,=1.9mm. The distance between
generator and detector was 9mm and the sepidration between transmitting
and receiving antennas when fabricated on the same substrate was 3mm.
Two antenna shapes were investigated. One was an Exponentially Tapered
Slot Antenna, =TSA. The other was a Linearly Tapered Slot Antenna, LTSA.

Fig. 1. Schematic of experimental

((ter) configuration using matched
optoelectronic antenna pairs.
Dotted line indicates Ex-
ponentially Tapered Slot An-
tenna (ETSA). Solid line in-
dicates Linearly Tapered Slot
Antenna ( LTSA).

Ssubstrate

‘The duration of the photoconductive transients is controlled by
bombarding the silicon epilayer with energetic ions. 1In our experiments
we 1t;.)ombar'd2ed the silicon with 100Kev and 200Kev O+ {ons to a dosage of

The antennas were fabricated on the radiation damaged
substrates from aluminum films using standard photolithographic
techniques. The photoconductive generator for the transmitting antenna
is comprised of a short segment of slot line. This slot {s BC biased
and discharged photoconductively by illuminating the gap with a
plcosecond optical pulse. The discharge current pulse propagates into
the antenna region where it dissipates radiatively. The radigted field
which {s emitted along the endfire direction of the antenna propagates
to the opposing antenna. The received field results in transient bias
voltage across the recefver slot iine at a time equal to the propagation
delay. This voltage is sampled photoconductively by illuminating the
semiconductor material within the slot line with a second picosecond
optical pulse derived from the same source as the exciting pulse and
delayed by a variable time 1. The time dependence of the received

signal i{s obtained by varying the time delay over the duration of the
received transient,

L, Rnesults. Transceivers on Common Substrate

In Fig. 2 we show a trace of the correlation for the ETSA pair.
Superimposed i3 a direct correlation of the photoconductive transient
measured on the same material using a conventional microstrip
correlator [5]. The data clearly demonstrates that the signal received
{s the time derivative of the photoconducting driving pulse. Earlier
work at much longer time scales {5] indicates that the ETSA takes the
time derivative of the generator signal on transmission.




Fig. 2. Correlation trace of ETSA
© pairs on common subtrate
showing isolated traveling
wave component. Dotted
line is the independently mea-
sured photoconductive pulse
correlation.
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5. Transceiver Pairs Separated by Air Gap

The measured correlation traces shown in Figs. 3(a) and 3(b) are the
results obtalined when the transmitting and receiving antennas were on
different substrates separated by air gaps of approximately icm and
0.7cm respectively. Figure 3(a) is the signal obtained for the LTSA and
Fig.3(b) is the result for an ETSA. The dashed curve in each figure
corresponds to the correlation of the photoconductive driving pulse.

The results for the air spaced ETSA and LTSA are clearly different
from those obtained for the same antennas fabricated on a common
supstrate. Each correlation trace indicates the presence of a fast
transient followed by a decaying oscillation of much lower frequency.
When the antennas are on the same substrate the oscillatory component is
largely suppressed due to the guiding effects of the closely spaced ends
of the antenna structure. The data can be accurately predicted using a
model response function derived from antenna theory [7].
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Fig. 3. Correlation traces with antennas on seperate substrates (a) LTSA (b) ETSA

f. Modeling of Transient Behavior

A model based on concepts found {n the antenna lLiterature has been
developed which accurately predicts the plicosecond photoconductive
response of these structures. Two distinct radiation mechanisms operate
{n these devices ~ a travelling wave mechanism which produces the




initial transient and a standing wave mechanism which is associatad with
the lcnger time oscillatory radiation., The total measured response is
the sum of the traveling wave response and the standing wave response
delayed by the difference in propagation times in the antenna. Thne
calculated response based on this model i3 shown in Fig. 4. Recent
2xperiments have measured responses in which thesingle transient has
Seen {solated from the standing wave component and is in fact the only
signal radiated [8]. :
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Fig. 4. Calculated response based on theoretical model for (a) LTSA (b) ETSA
7. Conclusions

We have shown that a new class of picosecond optoelectronic devices,
fabricated using planar antenna teciinology, ¢an be used to generate and
sense mi'llimeter have radiation. Our results indicate that these
structures can be readily scaled down to the dimensions required for
operation with femtosecond transients. In addition, a time domain model
of the broadside transient radiation from these antennas has been
proposed. The development of these devices will provide insights into a
variety of transient electromagnetic problems of practical and
fundamental interest. This work was directly supported by the Air Force
Office of Scientific Research, (Grant AFOSR-84-~0377). Additional
support for our general efforts were provided by the National Science
Foundation (Grant# NSFECS-8404495).
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TRANSIENT RESPONSE OF PLANAR INTEGRATED
OPTOELECTRONIC ANTENNAS
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Abstract: Broadband tapered slot antennas monolithically integrated on ion damaged
silicon on sapphire substrates, are driven by picosecond photoconductivity to generate and
detect millimeter waves. The time dependent electromagnetic impulse response of these
tranceivers is modeled by relating the antenna structure and the shape of the exciting
pulse. The far field response is observed to consist of a traveling wave component and a

standing wave component, which is also predicted by the model.




1 Introquction

Picosecond photoconductive transients have recently been used to generate picosecond
electromagnetic transient radiation 1], Recent studies of such transients from discontinu-
ities in microstrip lines 2| deposited on semiconductor subtrates indicate the potential for
generating intense coherent pulses with durations less than one picosecond for practical
and spectroscopic applications. Here, we demonstrate the concept of a new class of picosec-
ond optoelectronics. We present the results of a study of the picosecond impulse response
of photoconductively driven integrated microelectronic transmitter and receiver antennas.
We also show how picosecond techniques improve our understanding of the behavior of
linear antennas.

The principle of our experiments is illustrated in Figure 1. Identical transmitting and
receiving antennas are fabricated on silicon on sapphire substrates. The photoconductive
generator for the transmitting antenna is comprised of a short segment of aluminum slot
line deposited over an ion implanted layer of silicon. The slot is dc biased and discharged
photoconductively by illuminating the gap with a picosecond optical pulse. The discharge
current pulse propagates into the antenna region where it dissipates radiatively. The
radiated field which is emmitted along the endfire direction of the antenna propagates to the
opposing antenna. The received field results in a transient bias voltage across the receiver
slot at a time equal to the propagation delay. This voltage is sampled photoconductively
by illuminating the semiconductor material within the slot with a picosecond optical pulse
derived from the same source as the exciting pulse and delayed by a variable time r. The
time dependence of the received signal is obtained by varying the time delay over the

duration of the received transient.




A

2 Experiment

The duration of the photoconductive transients is controlled by bombarding the silicon
epilayer with energetic ions. In our experiments we bombarded the silicon with 100kev and
200kev 0+ ions to a dosage of 10!5¢m~—3. The antennas were fabricated on the radiation
damaged substrates from aluminum films using standard photolithographic techniques.
Two antenna shapes were investigated. One was an exponentially tapered slot antenna,
ETSA, [3]. The other was a linearly tapered slot antenna, LTSA (3]. The overall length

of the antennas was 2.9mm, the width at the aperture was 1.9mm and the slot width was

30 microns.

The optical pulses were obtained from a modelocked dye laser in the standard three
mirror configuration. Modelocking was achieved by synchronously pumping an R6G dye
jet with the frequency doubled output of an actively modelocked Nd:YAG laser operating
at 1.086microns.The standard autocorrelation SHG measurement technique (4] was used to
determine the pulse width of the modelocked dye laser pulses. The minimum pulse width
was measured to be less than 2ps and could be lengthened to 8ps by adjusting the cavity
parameters. The pulses were split using a variable delay line in the standard pump probe
configuration. The pump pulse was focussed into the transmitter slot and the delayed
probe pulse was focussed into the receiver slot. The transmitter slot was dc biased in the
10 to 40 volt range. The time sampled receiver signal was passed through a low frequency

amplifier and plotted as a function of time delay between the pump and probe pulse on

an z — y plotter.

The measured correlation traces are show in Figure 2. Figures 2 (a) and (b) show the
results obtained when the transmitting and receiving antennas were on different substrates

separated by air gaps of approximately lem and 0.7¢m respectively. Figure 2 (a) is the

3




result obtained for LTSA. Figure 2 (b) is the result obtained for an ETSA. Figure 2 (c)
shows the result obtained for an ETSA transmitter receiver pair fabricated on common
substrate with a separation distance of 3mm. The dashed curve in each figure is the corre-
lation trace independently obtained from a photoconductive cross correlator configuration

commonly used to determine the duration of photoconductive transients [5].

The results for the air spaced ETSA and LTSA are similar. Each correlation trace
indicates the presence of a fast transient followed by a decaying oscillation. When the
antennas are on the same substrate the oscillatory component is largely suppressed. Direct
comparison of the photoconductive correlation with the antenna correlation indicates that

initial transient is the derivative of the photoconductive transient.

3 Theoretical Discussion

We analyze the data in terms of a time domain model of transient radiation from
antennas. The model is based on concepts found in the antenna literature [6,7,8]. Our
objective is to relate the main domain related features in the data to the structure of the
antenna and the shape of the drive pulse. Only the main elements of the model will be

presented here. The details will be published elsewhere.

We begin by assuming there are two distinct radiation mechanisms [8]-a traveling wave
mechanism for the initial transient and a standing wave mechanism for the longer time
oscillatory radiation. We analyze that the radiation received in the far fleld results from
the transient and oscillatory photo induced currents in the antenna. A geometric construct
is used to simplify the analysis as show in Figure 3 (a). First we consider the traveling wave
radiation in the ideal dispersionless case for a step excitation. The excitation propagating
from the source radiates continuously asx a result of the accelerati~: charge at the step

8]. The sign of the radiation reverses at time ¢t = % due to reflection from the end of the

4




antenna. For an observer in the far field along the endfire direction, § = 90°, the retarded
field will have the form shown in Figure 3 (b). The response function for a square pulse is
obtained by superimposing the step response with its inverse delayed by the pulse duration
as shown in Figure 3 (¢). If L/¢(1 — cosp) << rp pulse width, we may approximate the
response function with delta functions as shown in Figure 3 (d). Convolving the response
function with small reflection with a gaussian pulse yields 3 (e) which conforms with the
analytical and numerical (moment method) results obtaized for a “reflectionless™ linear
antenna.

The standing wavecontribution results from the acceleration of charge due to reflection
at the edge of the antenna. The broadside response function for an ideal dispersionliess
lossless delta function excitation is shown in Figure 4 (a). Reflection losses may be modeled
with a reflection coefficient as shown is Figure 4 (b). Thus the total despersionless response
function has the form:

n=3

ft)y=4 Z(—l)" 6 (t — nT)) — traveling wave eqn 1

o

n

A Z(—l)"(l —~r)? ¢ § [t - nT:) — standing wave eqn 2

-

—
L

e
i

Ty = r, = width of photoconductive pulse

2L

Tz=-chf

2L = length of antenna

Ceff = effective velocity of light in material

The measured far field traveling wave response is predicted by twice convolving the

response function of equation 1 with a gaussian fucntions representing the photoconductive

5




pulse shape. Similarly, the measured far field standing wave response is predicted by twice
convolving equation 2 with the same photoconductive pulse. The total measured response
is the sum of the traveling wave response and the standing wave response delayed by the
difference in propagation times in the antenna. The calculated response based on the above

model is shown in Figure 5 (a2), 5 (b), and Figure 5 (¢). The model yields excellent overall

agreement with the data.

Reexaming the data in the light of the model, one obvious difference between the
LTSA and ETSA responses becomes apparent; the double hump in the initial portion of
the LTSA response. Our model indicates that the underlying origin of this feature is that
the delay between the traveling wave response and standing wave response in LTSA is
greater than the corresponding delay in the ETSA. This suggests that the traveling wave

in the LTSA experiences greater wave guiding despersions and, hence, travels at a slower

velocity.
4 Conclusions

We have demonstrated the concept of planar optoelectronic picosecond tranceivers
comprised of photoconductively driven tapered slot antennas. The far field transmitter
response is composed of two distinct components: a traveling wave component and a
standing wave component. The response can be accurately modeled in the time domain
using simple geometric constructs. The resulting response functions may be used to predict
the response to an arbitrary excitation waveform. Such antennas provide a unique oppor-
tunity for studying a variety of electromagnetic transient scattering problems as well as

an entirely new method for characterizing antennas and guiding structures in the ultrafast

time domain.

The authors gratefully acknowledge stimulating discussions with D. Schaubert. D.
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Figure 1.

Figure 2.

Fig e 3.

Figure 4.

Figure 5.

6 Figure Captions
Schematic of experimental configuration using matched optoelectronic antenna pairs.
Dotted line indicates Exponentially Tapered Slot Antenna (ETSA). Solid line indicates
Linearly Tapered Slot Antenna (LTSA). The pump pulse excites the transm.itter at
time t and the probe pulse samples the receiver at t + r.
(a) Correlation trace of LTSA with the transmitter and receiver on separate sub-
strates. (b) Correlation trace of the ETSA with transmitter and receiver on separate
substrates. (c) Correlation trace of ETSA with transmitter and receiver on a common
substrate showing the isolated traveling wave component. The dotted line in (a), (b),
and (c) is the autocorrelation trace of the independently measured photoconductive
transient response.
Traveling wave response function analysis.
Standing wave response function (a) for lossless case (b) with refle:tion coefficient r
used to model losses.
Calculated response based on the theoretical model for (a) LTSA (b) ETSA (c) Trav-

eling wave component.
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Radiation From Optoelectronic Antennas

Alfred P. De Fonzo, Madhuri Jarwala and Charles Lutz
Department of Electrical and Computer Engineering
University of Massachusetts, Amherst MA 01003

413-545-2374

Abstract:A model is presented that accurately predicts
the time dependence of the electromagnetic impulse response of

integrated optoelectronic linear antennas driven by picosecond

photoconductivity.
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Picosecond and subpicosecond photoconductivity is
increasingly being used to generate short burst of
electromagnetic radiation. In the most recently reported
experiments , radiation was both transmitted and received
photoconductively using well defined linear antennas [1,2].
Typical waveforms measured in the far and near fields are shown
in Figure 1. Also shown is the independently measured
autocorrelation trace for the photoconductive transient driving
the transmitter. The antenna structure that generated the
waveform in figure 1 is shown in figure 2. To predict the
response of the antenna to picosecond photoconductive pulses we
replace the tapered slot line antenna with a "bent" 1linear wire
antenna as shown. The impulse response function is obtained by
considering the radiation due to a square pulse which propagates
from the generator to the wire ends and back again. There are
two principle sources of radiation. The first source is the
acceleration of charge at the front and back end of the
propagating current pulse . From dircct analysis in the time
domain, the far field traveling wave response function for this

source is found to be

2
_ 2 _yn -(7-nT,) 7 2
f(r )—A(n)gi( 1) " exp [ — 7 ] X l+erf [ = + «E:n’[‘l ] ]
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The second source is the acceleration of charge resulting from
the reflection of the driving pulse from the antenna ends. The

far field standing wave response for a square current pulse is

then:

S - - 2

X 1+erf T__ .2 T,
2 €, € -

Where T'=de1ay time,-ﬂ = ZP = width of the photoconductive
pulse assuming a gaussian shape, T}_= the transit time of the
pulse from the generator to the end of the antenna.

The transmitted response to a given pulse excitation is obtained
by convolution with the gaussian photoconductive pulse. Twice

convolving obtains the receiver response. The calculated results
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for a linear tapered slot antenna excited by a gaussian pulse are
shown in figure 3. Comparison with figure 1 demonstrates the
excellent agreement between experiment and the model. Given the
overall dimensions of an antenna and the shape of the driving
pulse , the model can accurately predict the broadside waveform
of both the transmitted and received signals. The model is being
extended to non-broadside geometries. In conclusion , we have
developed a model of the transient response of monolithic slot
line aﬁtennas driven by picosecond photoconductive transients.
Such models will be useful in the development of devices
suitable for the optical generation , control and sensing of

millimeter and submillimeter waves.
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FIGURE CAPTIONS

Figure 1. (a) correlation trace of LTSA with transmitter and
receiver on different substrates separated by a gap. Dotted line
-photoconductive autocorrelation trace. (b) correlation trace of

ETSA showing travelling wave component.

Figure 2. (a) Linearly tapered slot antenna showing contructions
for determining impulse response function. (b) Travelling wave

response function. (c) Standing wave response function.

Figure 3. Calculated response for LTSA with gaussian input pulse

based on the theoretical model desribed in text.
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Generation and Sensing of Millimeter Waves with Ultrafast

Optoelectronic Integrated Antenna Elements

Alfred P. De Fonzo, Madhuri Jarwala and Charles Lutz
Department of Electrical and Computer Engineering
University of Massachusetts, Amherst MA 01003

413-545-2374

ABSTRACT: The development of broadband tapered slot antennas
monolithically integrated on ion damaged silicon on sapphire
substrates that were used to transmit and receive optically

generatgd centimeter/ millimeter wavelength radiation is

reported.
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Using new integrated photoconductive slot antennas, we
demonstrate for the first time the generation and sensing of both
short burst and quasi continuous radiation spanning the
millimeter wave bands. The devices efficiently generate radiation
in the far field with bias voltages in the 1 -50 volt range and
optical pulse energies in the pico and subpicojoule range. The
photoconductively sampled receiver senses the transmitted
radiation in the far field -rith excellent signal to noise ratio

using a 100 Mhz sampling rate.

Previous schemes for generating and sensing picosecond burst
of millimeter wave radiaticn in small scale semiconductor devices
evolved from the study of unexpected spurious radiation from
microstrips or discontinuity in microstrips in non planar
geometries not necessarily optimized for radiation [1,2)]. The
devices presented here are based on planar integrated waveguide
and antenna technology (3]. Such waveguides afford ease in
optical coupling and have potential instantaneous electrical
banuwidths from dc to greater than a

terahetz.
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Oour initial work was on closely coupled transceivers on a
common substrate [4]. Here we report the results of
characterizing optoelectronic millimeter wave transceivers with
the transmitter and the receiver on different substrates
separated in space . The basic configuration of the devices is
shown in Figure 1. Each tapered slot antenna is formed from an
aluminum film deposited on a silicon on sapphire supstrate. The
substrate was prebombarded with O+ ions at 100 Kev and 200Kev to
dosages of 10715 / cm~2. Standard photolithographic techniques
‘were used to etch the antenna pattern in the thermally evaporated
aluminum film. The feed end of the slot antenna was 30 microns
wide and the aperture end was 2.9 mm wide. Two forms of tapers
were investigated : an exponentially tapered slot antenna (ETSA)
as indicated by the dotted line in Figure 1 ; and, a linear

tapered slot antenna (LTSA).

The transceiver is operated by exciting the biased feed
slot of the transmitter with a short optical pulse at time t
and sampling the receiver output slot with a short optical pulse
at a delayed time t+T . The waveform is determined over all

time by sampling over a range of T
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The sampled waveform for a LTSA transmitter and receiver spaced
lcm apart is shown in Figure 2. The data was taken with 2
picosecond optical pulses from a
modelocked dye laser. The transmitted signal is composed of an
initial fast transient followed by a quasi continuous damped
oscillation of much lower frequency. The quasi continuous
radiation can be suppressed by matching the end points of the
antenna into a slot line. The data can be accurately predicted

using a model response fuction derived from antenna theory (5 ].

The present device demonstrates the potential for optical
generation, control and sensing of millimeter waves using
technology that may be easily incorporated into existing

monolithic fabrication procedures.
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FIGURE CAPTIONS

Figure 1. Optoelectronic transmitter and receiver on individual
substrates separated in space. Solid line indicates LTSA. Dotted

line indicates ETSA (see text)

Figure 2. (a) Correlation trace of LTSA with transmitter and
reciever on separated substrates. Dotted line is the
autocorrelation trace of theindependently measured
photoconductive transient response. (b) Correlation trace of ETSA

showing the isolated travelling wave Compuncuc.




/ f—r —
SOS

Ssubstrate

1(te7)




S99t

—— Tl.l x)+lll

()

L

(€)
(238sd) Aeteq

———

e e s

08"

oy’

00"

oy~

08"

yibuauis 18UDTS

"QJv)

(837UN




Optoelectronic Transmission and Reception of
Ultrashort Electrical Pulses

Alfred P. DeFonzo and Charles R. Lutz

Department of Electrical and Computer Engineering

University of Massachusetts, Amherst, Ma 01003
(413) 545-2374

1. Abstract

We report on the recent advances in using integrated planar
antenna technology to photoconductively generate and detect
picosecond radiation. Detection of a single pulse of picosecond
duration has been achieved using a coplanar antenna structure
fabricated on a radiation damaged silicon-on-sapphire

substrate.

‘..




2. Introduction

Recent experiments have shown that fast optoelectronic
switches monolitically integrated with an appropriate cuiding
structure can be used to generate, control, and, detect
picosecond bursts of electromagnetic radiation [1,2,3]. Potential
advantages of such devices include the ability to transmit wide
bandwidth electrical signals with limited distortion caused by
dispersion and other frequency-dependent losses, the capability
of integration with existing millimeter wave circuits, and
the ability to provide optical interfaces to these circuits. Such
devices should prove useful as samplers and electrical
interconnects in various millimeter wave applications. However,
in order to control the spatial and temporal distribution of the
radiated wavefront, it is necessary to employ more sophisticated
antenna elements than simple gap discontinuities in microstrip
transmission lines.

In our initial work([2,3], we demonstrated the concept of
using a planar antenna structure deposited on radiation damaged
silicon-on-sapphire substrates to transmit and receive transient
radiation produced by photoconductive switches which were driven
by picosecond laser pulses. A model which predicts the
transient behavior of these antennas was also developed. Figure
1 shows the received signal obtained from this antenna structure
and the inset is a schematic diagram of the device. This
waveform consists of two components, an initial fast transient
followed by an interval of long period, decaying oscillation. 1In
this letter, we report on the results of experiments conducted
using an entirely new class of optoelectronic antennas. The
design was motivated by the need to develop a structure in which
the radiated electric field was a replica of the optical pulse,
free of any ringing or standing wave components(3]. The design
was based on conclusions obtained from the modeling of the
various radiation mechanisms in the recently reported structure
and represents a significant advance in picosecond electrcnic
technology. In addition,it is required that the device posses a
flat, wide bandwidth frequency characteristic which would
minimize any distorticn of the propagating pulse. We show, for
the first time that this can be accomplished with the use of low
dispersion coplanar slot antennas.

3. Experiment

The geometry of the experiment is illustrated in Fig. 2. An
exponentially flared coplanar transmission line, with a de51gn
impedance of 100 ohms, is formed from aluminum, deposited on ion
bombarded silicon-on-sapphire substrates, using conventional
photolithographic techniques. The overall length of the
structure was 7.9 mm and the width of the aperture was 1.9 mm.
The photoconductive generator consists of a relatively long,
approximately 4 mm, section of transmission line. The lines are
12 um wide and separated by 25 um. This structure drives the




radiating element which is formed by flaring the remaining 4 mm
of transmission line. The exponential flare was of the form W =
2Aexp(px), where W is the separation distance, x is the length
parameter, and A and p are constants with values of 2.55 and
0.0263 respectively. The ratio of the separation distance, W
along the flare to the width of the transmission line, w, was
kept constant at a value of two. Sampling gaps placed along the
length of the transmission line provide a means of determining,
insitu, the shape of the actual photoconductive pulse driving the
antenna.

The transmitting antenna is dc biased and can be discharged
by photoconductively shorting the transmission line with a
picosecond optical pulse via the "sliding contact" method (4].
The current pulse is guided into the antenna region where it
radiates an electromagnetic field which is directed toward the
opposing antenna. When the field reaches the receiving antenna,
it impresses a transient bias voltage proportional to the
strength of the field, across the gap of the transmission line.
This voltage is photoconductively sampled by illuminating the
semiconductor material between the gap with a second picosecond
laser pulse derived from the same source as the pump pulse but
delayed by a variable time tau. The functional dependence of the
received signal is determined by varying the time delay over the
duration of the transient. The width of the photoconductive
pulses is controlled by bombarding the silicon epilayer with high
energy O+ ions. 1Ion energies of 100 Kev and 200 Kev at dosages
of 10 15 ions cm-2 were used in our experiments.

The optical pulses were produced from a synchronously pumped
modelocked R6G dye laser pumped by a frequency doubled Nd:YAG
laser operating at 1.06 um. The dye laser pulses had measured
durations of approximately 2 ps at a wavelength of 580 nm and a
100 Mhz repetition rate. The average power was 12 mW for the
pump beam and 47 mW for the probe beam. A standard pump and
probe arrangement was used to obtain the experimental
measurements[1-4]. The time delay between the pump and probe
beams was controlled by mechanically positioning a retroreflector
with a stepping motor. The pump beam was chopped at 1.5 Khz and
a lock-in amplifier was used to detect the sampled photocurrent
from the receiving antenna. The output of the lock-in was
digitized and no signal averaging was necessary.

4. Results

Correlation measurements obtained for the field radiated by
the new structures are shown in Fig. 3(a). The two antennas were
separated by an air gap of approximately 0.7 cm and the spatial
separation of the pump and probe beams was 2.3 cm. Transmitting
and receiving antennas were identical, except the transmitter did
not have the sampling structure.

Illustrated in Fig. 3(b) is the correlation trace of the
photoconductive drive pulse. This signal was obtained by placing




the probe beam on the gap of the first sampler and the pump beam
between this point and the bonding pads. The data clearly shows
that the antenna structures do not introduce any significant
broadening of the radiated pulse, indicating that the coplanar
structure is a wide bandwidth configuration. The lack of any
reflection components in the received signal imply that this
structure has a high radiation efficiency and totally suppresses
any standing wave component[3]. The insets in Fig.3 show the
autocorrelation signal for the optical pulses. Figure 4 depicts
the same data, except in this case the pump beam was focused
between the two sampling arms as indicated in the inset. These
results imply that the sampling arrangement used in these devices
present a small impedance mismatch to the current pulse
propagating down the transmission line.

Recently reported work [5] using a similar material has
demonstrated the generation of photoconductive electrical pulses
on the order of 600 fsec. These results support our previous
conclusions and imply that our antennas can be directly used in
the femtosecond regime.

5. Conclusion

In summary, we have shown that these new structures
eliminate standing wave components in the radiated
field and are extremely broadband. Furthermore, the radiated
pulse was shown to be a replica of the optical excitation pulse
and free of any distortion other than that caused by the inherent
-dispersion of the transmission line structure. This device
exhibits electrical bandwidths in excess of 200 GHz and is one of
the largest bandwidth antennas ever reported. We anticipate that
with improved processing methods we will be able to generate and
radiate sub-picosecond transients with these devices.

The authors wish to acknowledge the generous support
provided by the Air Force Office of Scientific Research under
grant number AFOSR-84-0377.
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7. Figure Captions

Fig.l Transient response of the original antenna
configuration. The inset is a diagram of this
structure.

Fig.2

Fig.3 (a)

(b)

Schematic of transmitter configuration. The
receiver is identical except that no bias is
applied.

Correlation signal of the field radiated by the
devices shown in Fig.l. The inset shows the
autocorrelation of the exciting optical pulse.
Correlation signal of the photoconductive
drive pulse propagating on the coplanar
transmission line. The inset shows the
autocorrelation of the exciting optical pulse.

Fig.4 Correlation trace of the photoconductive drive pulse
when the pump is placed between the sampling arms,
as shown in the inset.
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Title and Abstract

Bistability, Self Phase Modulation and Stimulated
Raman Scattering in Single Mode Fibers

Alfred P. DeFonzo and Nell Gitkind

Department of Electrical and Computer Engineering
University of Massachusetts, Amherst 01003

ABSTRACT
Standard telecommunication single mode 8&bers are found to exhibit bistable behavior
when pumped by 90 psec 1.06 micron pulses with powers exceeding 150 W peak. The
bistability is accomnanied by a rapid change in the amount of self-phase modulation and
stimulated raman scattering of the pump pulse. We estimate the nonlinear index response

time , = 1x10~!% and the relaxation time r = 75ps by attributing the bistability to

transient self-focusing.




Introduction

It has been recently reported that the onset of transient Stimulated Raman Scattering
(SRS)in single mode polarization preserving fibers is accompanied by the saturation of the
output power of pump pulses launched into an optical fiber [1]. This saturation of output
pump power is of immediate practical interest in achieving maximally chirped pulse power
for subsequent pulse shaping and compression. Commerciza! pulse compressors achieve
high output powers with circularly polarized light. In this letter we report the results of
an investigation of self phase modulation and stimulated raman scattering using circularly
polarized light and, in particular, we report the first observation , to our knowledge, of
bistability in the output power of the pump pulses. The bistability is directly manifested in
the intensity of SRS and the magnitude of pump chirp at some critical power. This effect
is of practical interest as a limiting mechanism for pulse compression and as a mechanism

for controlling or rapidly switching relatively large amounts of laser power.

It has been found that an intensity dependent refractive index imposes a linear fre-
quency chirp on optical pulses propagating in fibers. These chirped pulses can be com-
pressed by means of a dispersive delay line implemented with a diffraction grating pair
[2]. When driving the fiber at high power levels, SRS is found to limit this process by
first depleting the power in the chirped pulse and then altering the distribution of spec-
tral components [3]. Many of the experiments to date have used single mode polarization
preserving fiber. We have found that by driving standard telecommunications fiber with
circularly polarized pulses whose center wavelength is 1.06 microns we could readily ob-
serve a discontinuous reduction in the chirped pulse power output at the onset of SRS.
Here we present a detailed description of this surprising effect along with an analysis of
the possible origins. The analysis of such effects can lead to a better understanding of t':

o
-




nonlinear properties of fibers and interesting new applications.

Description of Experiments

Linearly polarized optical pulses from a Nd:YAG laser operated at a wavelength of
1.06 microns are converted into circularly polarized optical pulses and are coupled into a
standard telecommunications fiber. The circularly polarized output is then converted back
into linearly polarized light and passed through a Glan-Thompson prism polarizer with
an escape window . Rejected polarization components can be monitored with a slow pho-
todectector. The total transmitted pulse power is monitored by both a slow germanium
diode and further resolved in the time domain with a high speed InGaAs photodetector
(risetime= 35psec). The output pulses are then spectrally resolved with a grating spec-
trometer (ISA HR-320) and recorded with a photodiode array. The output pulses are
further spectrally resolved with a holographic grating pair in Littrow configuration and
the power at 1.08 microns monitored with a slow silicon photo diode. The spectrally and
temporally resolved pulses are displayed on a Tektronix 7904 oscilloscope outfitted with a
S-4 sampling head. Integrated intensities of the 1.06 micron pulse , and the total cutput
power were plotted on an XY recorder after averaging with a lock-in amplifier. The input
pulse was simultaneously monitored by the InGaAs detector. The pump pulses were 90
psec in duration [FWHM] and the average power could be continuously adjusted from 0
to 8 watts without significant change in fiber coupling by means of a prism polarizer and
a rotating waveplate. Using a standard microscope objective and a mild prefocussing lens

we achieved 60% coupling into the fiber.

In general, we were able, at high input powers, to observe spectrally broadened output
pulses centered at 1.06 microns, 1.08 microns, 1.04 microns and 1.12 microns. The stokes-

antistokes pair at 1.08/1.04 microns could be gelectively induced by adjusting coupling .

3




This surprising effect is suppressed at maximum coupling and was thereby remcved from
the experiments. The results of an experimental arialysis of stokes/ antistokes generation
is reported elsewhere [4]. At low input powers the output power was observed to be in the
commonly observed (2] form of linearly chirped pulses spectrally centered on 1.08 microns.
At high input powers two pulses were observed , one centered at 1.12 microns and another
at 1.06 microns. The 1.12 micron pulse exited in advance of the 1.06 micron pulse due to
their different group velocities in the fiber. This “walk-off” phenomenon has been reported
elsewhere [1,4,5].

The result of an examination of the output power of the 1.06 pulse as a function of
the total output power integrated over both t.he 1.06 pulse and the 1.12 micron pulse is
presented in Figure 1. For comparison purposes we have also plotted the general form of
the output power results reported for polarization preserving fibers [1]. Note that in the
present instance the output power at 1.08 microns decreases precipitously on achieving a
total continuous output power of 1.5 watts. A slow scanning of the input power in the
vicinity of the this power can result in hysterisis loops also indicated in Figure 1.

Further examining this effect, we measured the extent of chirping about 1.06 mi-
crons,and the total output power in the SRS pulse as a function of the total output power.
This data is presented in Figure 2. Note the precipitous increase in both the extent of the
chirp and the SRS power. These results were readily observed in fibers of widely different

lengths ,(100m, 300m and 400 m) , and index profiles (Owen-Corning 1521 step index and

1524 triangular index).




Theoretical Discussion

A complete and quantitative description of the nonlinear pﬁlse propagation in the
presence of SRS and self phase .nodulation is quite complicated and has yet to be per-
formed [5]. The bistability reported here presents an opportunity to gain insight into the
mechanisms surrounding the onset of SRS. Our present objective is to delineate a possible
mechanism for bistability and examine its feasibility. The relationship governing the power

in the SRS pulse, P,, has the form:

P‘ (taL) = PO (t,O) exp [GOL] (1)

The gain factor G is given by :

9o Po ly
Gy = 2029w 2
° Acyy (2)
where g, is the peak Raman gain coefficient, A.¢s is the effective area, P, is the peak

pump power, and [, is the effective walk off length [5].

The magnitude of the chirp, Awmaz, is related to the maximum optically induced rate
of change in index . If, for instance, the index change responds nearly instantaneously to
a symmetric pump pulse but decays in a time on the order of the pump pulse width, then
the maximum chirp, being derived from the turning points of the pulse, will be generated
to the longer wavelength side of the spectrum. If the induced index change exceeds the
critical value for self focusing, the beam can collapse at a point within the pump pulse
and result in an increased rate of index change and moving focii that yield a discontinuous
increase in the chirp the magnitude of which is given by [6]:

-
N




d¢ o1 1 1
Mimar = = (3] = =[] (- = 7)8%mes ®

The associated beam collapse would also result in a discontinuous increase in the SRS
intensity.

To our knowledge , transient self focusing, has yet to be reported in optical fibers.
It is not easily ruled out a priori and is intuitively appealing as working hypothesis that
marshalls the qualitative features of our data.

One may examine the feasibility of a transient self focusing mechanism by estimating
the value of the parameters governing the optically induced index change that results in

a total index change equal to or exceeding the threshold value for focii formation. The

critical power, P,,, for the onset of optically induced focii is estimated to be 511—‘::—-‘\"1;5 (7]

where ) and c are vacuum values and nj is the familiar nonlinear index. The critical index
change can be computed from the relation, An., = n; | E., |> where the critical electric
field is related to the critical power through a knowledge of the linear impedance. We
calculated An., = 4.37x107* for a circularly polarized beam. The actual index change
induced by the optical pulse, A n, can be estimated by assuming that the net rate of change
of the index is equal to the rate of increase of the dynamic index due to optical pumping

minus the rate of decrease due to relaxation processes. To first order the phenomenological

model takes the form:

dAn 1 1
7 = ;Ano—';An (4)

where An, is the forcing function.

Solving for, An, yields :

6



An(t) =

2L el Br) Prezn( == Dyan ©)

Setting Ang(|E(n) |2) = n2|E|?, ny = 1.1x107!3 esu and using a gaussian approxi-
mation to the pump pulse with FW HM = 90ps and the.' i)eak value E? = 4.84x107!4,
%;- determined by the measured SRS onset power, we obtained values of r and r, for which
the maximum value of An equals the critical value. These values are plotted in Figure 3
(solid line).

To gain further insight into the dynamics of the induced index change, we plot the
index as a function of time for 7, = 1.83x107!%sec and 7 = 75p5, assuming the gaussian
pump pulse measured at the onset of SRS. These particular values of r and r,. are within
the range of values found in literature for nonlinear indices in bulk SiO; [8]. As shown in
Figure 4 the index change attains a maximum value equal to An., at a time tq after the
peak of the pump. In Figure 3 we have also plotted the values of t4 for the threshold pump
intensity corresponding to each pair of r and 7, that yield a maximum value of An equal
to the critical value. From this plot one may estimate where self focusing begins within
the pulse. '

The moving focii concept of transient self focusing [6] provides an interesting way
of viewing thc onset of SRS. Self focusing is associated with a very rapid index change
that tends to preclpxtate strongly chirped SRS . In one extreme the focii may be quickly
dissipated by the generation of SRS or higher order mode generation, thus being incipient
or virtual. In such cases bistability may not be observed. In the other extreme the focii
may receive positive feedback through the SRS process. For example, if the SRS pulse

forms at the trailing edge of the pump pulse and propagates at a higher group velocity

-
i




net optical energy will be transferred forward and will thereby advance the point of peak
optical power . The focii , which advances faster than the pump velocity begins to walk
through the pump pulse into regions of higher optical flux and is reinforced. This process
will self terminate as the SRS pulse walks off the pump pulse. This purely travelling wave
phenomenon provides a bistability mechanism distinctly different from the standing wave
varieties found in the literature [10].
Conclusions
Optical fibers exhil:t bistable behavior when pumped by high power pulses. The bista-
bility is allied with the onset of SRS. Discontinuous changes ir chirp and SRS production
strongly indicate the presence of a mechanism which involves a discontinuous increase in
the index induced by large optical field intensities. Our analysis indicates that transient
self focusing is a likely mechanism. Further experimental and theoretical investigation
along these lines should provide a better understanding of chirzing and SRS in optical
fibers. We intend to continue these investigations.
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Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figures
Pump power out versus total (pump +Raman) power out in 300 meter single mode
fiber. Solid and dashed lines are our data. Dotted line shows form of data reported
for polarization preserving fiber [1].
Chirp of the pump pulse and the Raman power output as a function of the total power
in a 300 meter long single mode fiber’
The two characteristic times,r and r, for which the induced index change, An, attains
the critical value for self-focusing at an input power of 14 W (solid line). The dotted
line is the time delay , 74 , between the pump pulse peak and the time at which the
critical index is reached.
Theoretically calculated non linear index change as a function of time for 7 = 75psec
and 7, = 1.83x10!% for Pav = 1.4 W (solid line). Also shown is the pump pulse as
a function of time, FWHM = 90psec (dotted line). Note that the index reaches a
maximum value just equal to the critical value for self focusing, An = 4.37x10" 4 at a

time t4 = 38.6psec after the peak of the pulse.
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I'raneient Stimal ated Kanco soattering
1re ovdinary datnata-mnodsg FLber

Merl mkkind ang v H. DeFonzo

Ooot., of Elecrrical and vomoubar Engunecring, Univ, of

Mas Sty
tuntir gt . Py L CH

{ foobe evdiazl o

Thao aromang application of fraquency chirped pulses due to zeas e
Fhage FModulation vsFPD 1 aobtical fibeors hag genaorated renewed
tnterest o the shady o+ =Liraalabtad mama dcatlering (8RS, and 1L
wffack oan pump puilse chiroing.  Huch or the racent edperimental word
fras concentrabéd on pulartzal Jon preserving +ibere pumped by visibie
traht Clog, 3041 ens Hds rad L3O radlation, Othaerd hove studied
Cartingr ¢« 41oerd plunped 1t the sisahle 4,00 and by Ndsy&ABG 7). Yery
targe chirps havze bsen roevorted for 3RS pulses (1] and attention is
it tncreaszingly dirccted toward their possible use. In this paper
e coport the resulbs 3¢ an axperimental study of the qeneration of
SRS il ses punmped by circularly polarized HdiYaB laser pulses at .o
run tpurel throudhput powera wup to 420 Walts) lavnched 1nto &an aratnse.
germearnnwin dopod sitile mode optical tiber (Owaens tCorning 1%2l.
Atametar = 8./ microns).

hen 9KS ts puamped by short onough pulses in a long enocuch +i1bor
the Raman radration wtll soparate from the pump radiation due to thoie
drrFerent selocibieg in the fiber. The SRS pulses observed to date
L2 have buen down=shiftad tn frequency by 440 cm~1 corresponding
Lo 2hie b oad Kaman band 1n fused wilica. Ue also observe a pulse
corrogpondim) O a strong converston Lo the two phonon band shifted by
A8 =m=1. (n addition we report the measurement of absolute pump polso
propagation cdeleys and how this thfornation may be used tu deterwine
Ll oriqin. «long the +fiber, of the Raman pul se.

Tha astastenca of transiant gstokew/anti~stokes patre about [.on
microns in a $ingle mode +iber have been coniectured but not roportoed
in the literature. Stolmesanki-stokes qenaration does not resdstl.
oceur in bulk 8102 because thwe phate velocities do not satigsee the
phase matching conditions for four wave midina. We roport hore bLiv
firat obeservation of strona ERS estokes/anti~stol:es aqeneration

nptical fibers.
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I Exporimantal AVA“"ABLE COPY

Jat Fetup

the auperimnental set up (8 echematically shown in f1aure L. VYo
optical components are tdentical to those we have  dascribad
dnt 411 elaewhore L7 1. one hatelred nicosecond pulses $rom a
madzclackad (1) MH2 ravatobion ratod) Ndl v Llager (mag. neay o ovase o
gor My are circularly polarized and coupled to an chtieal ¢iber,
Meszuremants vicol:jed 8 coutling #fflelencios between 353 andg &)
percetit, The pumd bules- brodagates alons the ¢iber qenerativm a
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Wer found that we rold selectively
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itne doen-shttted by 480 cn-l ()
spectra at this counlinag condition
Mf rthe jecond ardar =S gpectrum tor S.0 and 1.9 Watts 13 due to 3
tavl of censitivity of the diode arrav. The evalution of the

Wamaty Line 15 char achterioed hy bhe appec-ance of a double hump
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The rather large relative errors are dug oo small changes in coupling

efriciency from run Lo run. The data indicates that greater couplinn
results 10 A eteeper line ahittad to lower powars.

When thoe coupling i9 adjusted to induce the )\%1 and AN SFi
trhits wae done by branglaling the fiber end in the plane
petpendicular  to the bean ~:xig) the outprt spectrum chenges
conbinuously buk 1s bound by two edtreme cases.
the mosk coupling teo the anti-srokes linme. It appears in a well
defined "douvahnuh” pabtkern haviag an angutar distribution spanning
to L arad Ganterior o the fiper), Thig coupling produces the
corragobandiong stokes ity Raving a comparable strangth. The ohhesr
condition matimizes couplineg to the stoles wavelength. In =it s
condil K1on we see waak counling Lo the anti-stokes wavelenagth. ! arae
conversions Lo S and more  up-shifted radiation (having a central
soaktial null) conkinuously distributed between the pump wavelength and
the anti -Stokes wavelenoltb. Thig mav be further anti-Stokes creation
dJue to the broadhand stokes radiakion obgerved under these coupling
conditiona.  Fiaures 9 and b correspond to this coupling condition.
ln +igure 9 there arge ithree distinguishable output oulses. The
1eqainag pulse (on rioht) correcsponds to the MNd:YAG pump pulse. The
middle pualse is the SR3 pulee at 1.03 microns arriving 125 psec ahead
of the pump pulse. The leading pulse 13 again the 440 cm-1 shitted
framan oulge at l.ldé marons and leads the pump pulse bv 4335 psec.

The anki-~gtokes puldge containg hioher frenuency components and would
Fence lag the pump pulsze. Due to a low level of conversion to Lhi s
frogquency and rinding in the Ltrace, the palge i8 not visible.

Irn one case we soao

v,
7 .

fhooretical

Yl femporal Dependaence

Mer analvelys of the temporal walk of+ due to +i1ber material
Areparston presented here 18 based an the analysis recently pregenta20
1 the literature 121, %lLolen hag proposed & simple {ntuitive model
ror oulse walvofd and Ltte ralation to SRS qain., HRasically, the 3RS
putse "malbke through" the pump pulse due to the differential in arouvp
ve2locitv,. Daveloping a genaral thooretical picture of such ohenomsna
13 bviously very difficulb. Humerical stnulations which indicete tho
romplexity of the processrs have been par+armed for particular cases
{71, vWe approach the proulem supertmentallv bv tsolating
Aqualitatively diffarent phonomena and using relatively stmolne

intuitive concepts to orasnize sand quanticy the salient features of
s dat a,

iyt we puamine Lheo wallb -0fF rates
the sariaus SR8 pulaoy ar2 vupll defined 1n the tim2 domain, rate of

viall 0 ff mas be estimated 11 loweat order rthrough Enowledae ¢ ths

matarsal drsperaton Dolsnbedan Clod tor the "conter” wavelenathsy at one
amatr and pump Ul ses, om0l

of the various pul ses, &fnaoe

b ba b ol ambdar tdelta )
iyl ta b = P I T

e R L T IR TN WY Y Y

AL A (1A

18 )

Af ey P Iota the siber lenulb, il 1e EHhe - 0rate trefuehtvy Al gl 1




1< bhe frequency separation hetween the punp ond 4tolbes Liney,
weoomav detine, atter LHDtolen 121,
dratace tf bakes for z

A
& Sldwer .

ol B
A walhott tenath, lw, to be Lhe

Lonyger wavelenath Faman pulse to pass bhrcuan
copr opagat tna puwep pulse nf width . For a 1o pesec Mas cqn
paa palse and thg 440 cm-] down shitbted Faman line thas lenath 1€ 7o
. pratance aloma the fiber mav be normalized bv thig parameter .

vit. e the delav between khe pump and sth.okes lines at the fibar outour
apvel thes catcuvlated walk-o0ff rate the origin of the SRS pulge caon tic
asbrmabad. With Lhee sdditional knowledge ot the absolute delay ot vra:
D pulse one Can o more accurately calculate the point of Famer (o250
Grpatn. Flgure b5 1s a plor of this calculation, In our case,

bl edae of the abscolute delay corrects the calculation bv as awcn
@ Fackar af kwa 1 ddishtance from the fiber origin.
vier and Lhe hioher the conversion,

Pl 25 Ar

15

The londaer Yno
the more thiga correction becowes

Ye e fnti-Stokes aeneration

We atbribute the anti~stokes aeneration to a parametric process
Fil1. fhe following phase matching condition must be satisfieds

Jip 3 ke v kAR (2)
ber a teobrople medium having normal dispersion this conditien <.n
Ot he sattsfied when kas and ke are not codirectional with ke .c.
11l = whsc ) Hence the khaory of anti-stoies scattering predicts
eteration of A cone like aheath of radiation emanating +rom the

LAraraction  redian (whare phase matchinag 15 satigfied). For plene

W i sific. Lhe cone hal f-angle, beta, is aiven by:

N T

'.’I‘.?’..o.‘ 2 1 L1 a0 s 00 s ety
n wi

[ty «bowve relation vields beta =  lé&.5% mrad
riber

(30

(.93 degrees), in tro
however the obaerved fundamental mode {0 which tha pumg s1tne s 3

ALl down—ahifted lines were observed in 1s anaulariv diatributed o.o.r
sbout /4 nrade corresponding to a tibar M.A, Oof O.11 .
Aitstribution of F vectors tn the mode. 1t 18 necessary to inteocats
1.0r all phase matching conditiona that can axtst in the fiber. wisn,
it nelf focussing is occurring in Lhe fiber tLthis is constistent s =
i stability we observe in the riber (717, this will broaden the
ahurrved distribution Lidls n complete analveis of this phencmenon

pue Qo ooy

| Rl
rosond the scopa of thisg paper.
E 4 1 erisesion
QD
L g In  Lise abagnee o+t punp deplation the stokes radiation eni A
E;Eﬂ Ll +ihar with the |agging edge of the pump pulse will see the
wl o Hatti,  Bince the pamp pulee (s about 2 cm long in alass. Lhe » .
“’:5 hetwsen the atores Line and the pump Line beaing e@arly 1n the < .,
:E cord amieh of Fhes dnteracbion mould Le supected to have talenh o
= rhir toeg thea S sl wallofd Length,  With epumo depistion, the oo 3
=L At ase gl se wi il deolo trom sarlier poriions of the oo s
coar frer e Ehea tibenr CALolen hae al sy noled this  tyandry. P
et ot mel{-taciaarng the Maman gain (beitnha proportional to oo N
etrsity LAdr te further

1ncraassil, prosumanly vlactng the o
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). sy bho interoratation or free 3 e
v e e arenlaamens et iy et b, fteesrr e may bave Lo btabke 1nte

et P bt w o mberst e Zpecheum oy the $i1r st or der Ll s
Prespneze LS ol o, s o atrbtected by tLE

. - ¥ied

tol@Eriesbian ul bkl the seconag
YT S STRE DS N Floee vz beeddl avd bomporal deta indicares the comploy,

T NN A RN IR S TR RS T
e tepdr ety the puanps sles

inber action deegtroves the spectral
Somente, o iproatb oey by bk,

Gy bne pump pul e, aE

creates wavelenagth
stddeb anas ot o caloes proporbionad o Lhe derieat | ve of the pulse
Lot se gy |, Corcsegproant by, Lang vavelsnakng | dpear  «h the leading
Tl e

Pl b ers cndd s oweateobenglhyg o on the {agatng si1de. Chirps on
NN RTINS LY AR

v el Cdgr o ar roubingl v obgerved  on cthe oume
EERRTS] ert e dCen o beer pF apantation whereas the l.lZ micron Haenarn
Viex ted sbyeeal b a=l feom Loabd miorons, rurthermore. the aeeter 1 ot
A1k Lt hiase a o wkar by Linear dependence on frequency if Lthe victirry o
Toadgee wrogrtezmal s Lid . Ihedd conglderahions guggest that, tihe s
gortae chenbd el Ehiraudn Lhe pump puloge ot least twel veo timeus tester
4 e I Rhan Lo pump ool ge  can spread oub, Ihe aqualitatiye e
10 i hl Hhee kY pu) e eats away the loading portion ot the oump ol e
rturreb s striuping tE of 1ts long waveoienath components. Firaure d
datirte the conseauenceies of this interaction. thias effrect 13 seen 1
Pl crrepsd punp puler 1o flaure ZGar (khe case af optisal couslicay.
Ll have Gheet ved an oppogsite senge of spectral gskew when the wi
bramars ot atony 1d high (Fluaure by, his line 14 not frequency
sivtted e tar from the punp. bhence tbd walboésd velocity is slower.,
tnerrasing Lte tnteraction with the conte ol portion of bhe puno
prel se, The anti-stokes it Lraole al a oroup +@1ocltyv whitch
than Ehat o4 Ehe pump pulae 30 3t would btend bto
e ut the pump.
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Stimulated Raman Scattering in
Single Mode Optical Fibers
Neil Gitkind, Alfred P. DeFonzo
Dept. of Elect. and Comp. Engineering, University of Massachusetts
142 Marston Hall, Amherst, MA 01003

(413)545-2374.

The results of a systematic study of the propagation of high, average and
peak power, circularly polarized, mode locked Nd:YAG lasei- pulses in 400 m and
50 m fibers is presented. The first direct observation of a stimulated Raman
scattering pulse at 1082 nm, its frequency cnirp and respective walkoff is

presented.




Stimulated Raman Scattering in
Single Mode Optical Fibers
Neil Gitkind, Alfred P. DeFonzo
Dept. of Elect. and Comp. Engineering, University of Massachusetts
142 Marston Hail, Amherst, MA 01003

(L13)545-2374.

Recent interest in optical pula< ccmprezsicon, particzularly at 1.06 um has
resulted in several experimental' and theoretical? studies of the interaction
of Stimulated Raman Scattering (SRS) and Self-Phase Modulation (SPM) in
polarization preserving fiber. Similar work? has been reported for shorter
wavelengths. In this paper we shall discuss the interaction of SRS with the
self—phgse modulated pump pulse using non-polarization preserving fiber at
throughput powers of 1 to 4.5 watts continuous. We observed for the first
time, the generation of an SRS pulse at 1.082 um which can be excited either

alone or in tandem with the previously reported 1.12 um SRS pulse. These

pulses can exhibit exceptionally large spectral broadenings of 70 ; and 400 ;
respectively and may present an opportunity to generate extremely short pulses
at these two wavelengths.

Qur measurements are made with an 85 psec, 1.06 um pulse from an actively
mode-locked Nd:YAG laser focused onto a single mode fiber (Corning 1521, 8.7 um
core dlameter). The incident pulse {s circularly polarized, and only this
polarization component of the exiting pulse is analyzed and studied in these
experiments. Both a 50 meter and a 400 meter fiber were investigated.

We present three cases. Figure 1 shows the exi{ting pulse and
corresponding spectruam for the 50 m fiber., No Raman pulse was detected,

however the slight assymetry of the SPM spectrum 18 indicative of nominal Raman
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conversion. For the 400 m fiber, we find that there exists substantial
interaction length to promote higher Raman conversions. Flgure 2 shows the
1.12 um Raman and Nd:YAG pulses as they exit the 400 m fiber. The Raman pulse
leads by approximately 420 psec because of its differing group velocity. The
assymetry in the Nd:YAG spectrum i{s indicative of strong Raman conversion.
Figure 3 shows the propagation of the Raman line at 1.082 um. This pulse leads
by 185 psec and has also caused a drastic assymetry in the Nd:YAG spectrum
(figure 3B at left). Also seen was an anti-stokes line centered at 1.046 um.
However conversion to this wavelength was never large enough to produce an
observaple pulse. Thus we have seen a new Raman component, in isoclatlion, and
observed its effect on the pump.

Early interpretations of the pump depletion process!,? . state that the
Raman pulse grows as it walks through the pump pulse and attains a maximum when
{t reaches the leading edge of the pump. Furthermore, because the pump pulse
i{s chirped, the leading red components will be preferentially eaten away. The
1.082 um pulse; however, presents a seemingly anomalous situation. The Nd:YAG
spectrum in this case (Fig. 3B on left) shows the blue, or lagging end to be
preferentially depleted. This suggests that due to {ts lesser walk off
velocity, the Raman pulse is saturated before completing its walk through the
pump pulse,

A variety of parameters such as throughput power, fiber winding, bending
and length strongly affected the fiber output. These effects will be discussed

{n detail.
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Fig. '. Spectral and time domain traces of 1.06 um pulse after propagation
through 50 m of single mode fiber. (A) Output pulse measured with a
fast photodiode and sampling oscilloscope (47 psec system risetime).
100 psec per division. (B) Spectrum of output pulse. Origin of

horizontal scale is the wavelength of incident 1.06 um pulse.

Fig. 2. Walkoff of 1.12 um Raman pulse and corresponding spectra after
propagation through 400 m of single mode fiber. (A) Exiting Raman
pulse at left, Nd:YAG pulse at right. 100 psec per division. (B)
Exiting Nd:YAG spectrum (C) 1.12 um Raman pulse spectrum. Origin of

scale i{s 1.12 um.

Fig. 3. Walkoff of 1.082 um Raman pulse and corresponding spectra after
propagation through 400 m of single mode fiber. (A) Raman pulse at
left, Nd:YAG pulse at right. 100 psec per division. (B) spectra of
Nd:YAG pulse at left and 1.082 um pulse at right. Scale origin {s the

wavelength of incident 1.06 um pulse.
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Optical Bistability In Single Mode Fibers

ALfred P. De Fonzo and Neil Gitkind
Department of Electrical and Computer Engineering
University of Massachusetts, Amherst MA 01003

413-545-2374

ABSTRACT: We discovered and investigated optical bistability in
single mode telecommunication fibers excited by circularly

polarized 90 picosecond pulses at 1.06 microns.
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We report the first observation of optical bistability in
the transmitted power of a single mode optical fiber. The
bistabilty occurs when the fiber is pumped with intense
modelocked pump pulses at 1.06 microns . The switching of the
output occurs near the threshold for Stimulated Raman Scattering
and is accompanied by a discontinuous jump in the exiting SRS
out and in the magnitude of the pump pulse frequency chirp. Slow
scanning of the pump power in the vicinity of the bistability
results in large area hysteresis loops. Systematic investigations
indicate the presence of a mechanism that produces discontinuous
changes in the optical intensity and index of refraction

reminiscent of transient self focusing.

The experimental set up, similar to one used in the study of
SRS [1], is schematically depicted in Figure 1. Linearly
polarized pulses at 1.06 microns are converted to circularly
polarized light and coupled into a standard telecommunications
fiber (OWEN CORNING 1521). At low powers the circularly polarized
light exiting the fiber is converted into linearly polarized
light and passed through a Glan Thompson prism with an escape
window to allow monitoring of optically induced changes in the
state of polarization. The total transmitted pulse power is
monitored by both a slow germanium diode and further resolved 1in

time with a high speed InGaAs photodetector (risetime = 35
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picoseconds). The output pulses are then spectrally resolved with
a grating spectrometer (ISA HR-8) and recorded with a photodiode
array. The remaining output beam is also further spectrally
resolved with a diffraction grating pair in Littrow cuafiguration
and the power at 1.06 microns monitored with a slow silicon

diode.

The output power of the pump pulse is plotted as a function
of the total output intensity in Figure 2. The dotted line
indicates the general form of earlier experiments performed on
‘polarization preserving fiber(2 ] . At an input power of
approximately 2.0 watts the output power of the pump suddenly
decrease. The dashed lines show the results of slow scanning the
critical region. A large hysteresis loop is observed. Further
investigating the effect, we found a corresponding sudden
increase in the SRS output and the Magnitude of the chirp about

1.06 microns as shown in Figure 3.

The general results are summarized in terms of a model [3]
of the optically induced index change in the fiber. The
accumulated index change can be determined from a rate analysis

and for a gaussian pump pulse has the form:
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An(¥) = %‘ Ano(lE(n)lz)exp [ZLLLEJ—]dn

T

Where £SW°(|E(N)[2) is the driving term and E is the optical
field for a gaussian pulse. ﬁhen the total index change
=4.37x10"-4 the cr:ssectional area of the pump pulse suddenly
decreases, resulting in a further abrupt change in index, that in

turn results in increased SRS , chirp production and optical

feedback . The critical index change corresponds to the critical
power for self focusing in bulk Si02. We are presently
investigating these surprising

effects.
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FIGURE CAPTIONS

Figure 1. Schematic of Experimental Set Up.

Figure 2. Pump power ocut versus total (pump + raman) power out
for 300 meter single mode fiber. Solid ard dashed lines our data.
Dotted line shows from of data reported for polarization

preserving fiber [2].

Figure 3. Chirp of the pump pulse and the Raman pcwer output as a

function of the total input pump power in a 300 meter long single

mode fiber.
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